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ABSTRACT 
 
 
 Common snook, Centropomus undecimalis, is a popular game fish species that occurs 
throughout central and southern Florida, yet many questions remain unanswered regarding their 
reproductive strategies, including estimates of fecundity with relation to size, age, and condition 
of the female.  These relationships are critical to improving stock assessments and fundamental 
to estimating spawning potential ratio, the measure by which snook are managed.  Spawning 
snook were collected from a known spawning site, Rattlesnake Key, Tampa Bay, Florida, during 
three consecutive spawning seasons (2009-2011) and batch fecundity for snook was reported for 
the first time.  Of the 43 females suitable for fecundity analysis, batch fecundity was highly 
variably and ranged from 258,913 to 2,663,737 eggs.  The mean batch fecundity was 984,689 
eggs/batch (median = 781,330 eggs/batch) and the mean relative fecundity was 465 eggs/gram 
body weight (median = 402 eggs/gram body weight).  Average batch fecundity did not vary by 
collection year, despite a severe cold event in the winter of 2010, which killed about 25% of the 
spawning population.  However, analysis of proximate composition indicated that liver lipid 
percent was significantly reduced in 2010, likely due to reduced prey availability, increased 
energetic expenditures, or both, while enduring and recovering from cold exposure.  A 
significant positive relationship in 2009 between batch fecundity and condition was reported that 
entirely disappeared in 2010.  Additionally, in a preliminary investigation, we detected sub-
population differences between known-spawning ‘bay fish’ and ‘river fish’ using barium as an 
indicator of freshwater habitat usage via otolith microchemistry. Our results are directly relevant 
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to enhancing stock assessments and indicated that reproductive strategies of snook are both 
complicated and robust.  Future research should further investigate reproductive strategies (e.g. 
skipped spawning) and possible sub-population life history, as both can have significant impacts 
on stock assessment models. 
1 
 
 
 
 
 
 
INTRODUCTION  
 
Distribution 
 
Centropomis undecimalis, the common snook, is a popular game fish, attracting fishing 
and tourism that contributes significantly to the economy of central and southern Florida.  
Common snook, hereafter referred to as snook, occur in the western tropical Atlantic, ranging as 
far south as Rio de Janeiro, Brazil, and as far north as central Florida and southern Texas 
(Marshall 1958).  Their range parallels that of mangroves, a primary component of their habitat 
throughout much of their life history.  Snook are sensitive to colder temperatures, becoming 
slower and more vulnerable to predation in the winter.  Snook cannot withstand sustained water 
temperatures below about 15.0ºC and fish kills have been observed due to low water 
temperatures in winter (Snelson and Bradley 1978).  Snook is a euryhaline inshore species, 
capable of tolerating both salt and fresh water.  Juveniles are found in tidal ponds, creeks, and 
rivers (Stevens et al. 2007), while adults are often associated with mangroves, sea grass 
meadows, and other structured habitats in estuaries, bays, and the near-shore reefs (McMichael et 
al. 1989; Stevens et al. 2007; Barbour and Adams 2012).  It is not uncommon to find adult snook 
along rip-rap shorelines, around bridge and dock pilings, and on reefs within a few miles of 
shore.   
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History of Management 
 
Marshall (1958) was the first to characterize the economic importance of snook, to 
recognize the state of the fishery, and to publish the general biology of snook.  Marshall (1958) 
reported that commercial harvest of snook was permitted during the first half of the twentieth 
century, although levels of harvest were relatively low.  Snook were given the nickname 
‘soapfish’ due to their alleged soapy flavor if cooked prior to removing the skin, and were often 
used as cat food.  During the early 1900’s, commercial harvest via hook-and-line techniques and 
seine nets was permitted with a minimum size limit of 18 inches (457 mm) fork length (FL – 
measured from the tip of the lower jaw to the center of the caudal fork) to protect young 
juveniles.   
By 1950, as demand for snook meat decreased, seine nets were prohibited altogether 
because of perceived over-harvest and a decline in populations.  Although commercial harvest of 
snook was never large in comparison to other fisheries, over 800,000 pounds of snook were 
harvested annually between 1941 and 1955 (Marshall 1958).   By 1957, it became apparent that 
snook populations were in serious decline and snook were granted ‘game fish’ status that 
prohibited commercial harvest and sale and established hook-and-line as the only legal method 
of capture (Marshall 1958).  These measures were thought to be adequate for the protection of 
the population and from 1957 until 1974 there was a hiatus on further snook research and 
nothing was done to monitor the condition of snook populations in the state of Florida.  In 1974, 
the Collier County Conservancy approached the Department of Natural Resources about 
perceived snook population declines in the Naples area, which resulted in programs to monitor 
snook populations (G. Bruger, personal communication).  By 1976, tagging studies in southwest 
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Florida determined that local populations were unstable, overfished, and were decreasing at a 
dramatic rate, primarily as the result of increased recreational fishing pressure (Bruger and 
Haddad 1986).  In 1982, recreational harvest in Florida was prohibited during the summer 
spawning season to allow the stock to recover, resulting in the first recreational fishery closure in 
Florida (Florida_Statutes 1982).  Currently, studies are conducted by researchers on populations 
in specific regions of Florida are monitored and regulated by the Florida Fish and Wildlife 
Conservation Commission.   
The management of snook is complicated because snook are protandric hermaphrodites: 
all fish are hatched as  males and some portion of the individuals undergo sex reversal to become 
female (Taylor et al. 2000).  Consequently, the smaller, younger snook are males, while the 
larger, older snook are females, with the exception of the single oldest (21 years) snook reported, 
a male.  Probability equations, predict that a year class will be comprised 50% females on the 
Atlantic coast by age 7.4 (32 inches TL) and on the Gulf coast by age 5.1 years (26 inches TL). 
(Muller 2012).  Current management strategies utilize a slot limit to provide males with an 
opportunity to change sex while maintaining larger females that presumably contribute greater 
batch fecundities.  The minimum slot length of 28” closely approximates the balanced sex ratios 
(0.4:1 females to male on the Atlantic coast; 1.7:1 females to male on the Gulf coast) (Muller 
2012).  Based on the general assumption that larger females have greater fecundities, the 
maximum slot length was set to 33” on the Gulf coast (5.2:1 females to male), and 32” on the 
east coast (equal sex ratios) (Muller 2012).  Regulations allow harvest of only a single snook 
between 28 and 33 inches (711.2 to 838.2 mm) total length (TL) per person per day on the Gulf 
coast of Florida, including the Florida Keys and Everglades National Park (Florida Fish and 
Wildlife Conservation Commission2013).  The slot limit on the east coast of Florida is between 
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28 and 32 inches (711.2 to 812.8 mm) TL.  These  size limits differ because the Gulf stock of 
snook is genetically different from the Atlantic stock (Tringali and Bert 1996) and estimates of 
the Gulf coast population  (n = 1,253,926) are greater than the Atlantic population (n = 
304,5980) (Muller 2013).   
Stringent management measures are in place to protect the female spawning stock with a 
goal of maintaining a spawning potential ratio (SPR) at 40% or higher (Muller 2013).  SPR is 
calculated as the average fecundity of a stock that is fished divided by the average fecundity of a 
stock that is unfished.  The 2013 stock assessment for Florida snook determined that the Gulf 
stock transitional SPR (tSPR) was 58% using spawning stock biomass rather than fecundity in 
calculations, which indicated the tSPR was above the management objective of 40% SPR 
(Muller 2013).  Further, these fishing regulations are based on stock assessments that assume 
each female spawns every other day during a 150-180 day spawning season (Muller 2012) and 
therefore understanding and quantifying characteristics of snook reproductive strategies are 
fundamental to accurate stock assessments.   
 
Reproduction 
 
Snook are primarily solitary or observed in loosely formed schools outside of the 
spawning season, but individuals may form aggregations of hundreds during the late-spring and 
summer for spawning (R. Taylor and G. Bruger, personal communication).  Aggregations of up 
to several thousand  fish have been observed in Lake Worth Inlet during the height of the 
reproductive season (Lowerre-Barbieri et al. 2003).  Spawning aggregations occur on both coasts 
near major inlets, river mouths, and around coastal islands, all characterized by strong currents, 
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protective cover, and proximity to grass flats and deeper water (Taylor et al. 1998; Adams et al. 
2011; Trotter et al. 2012).  Spawning aggregations contain  few to no regressed or immature 
females that  indicate a directed spawning migration of ‘ripe’ individuals to spawning sites 
(Taylor et al. 1998).  Peak spawning activity occurs during summer, when day lengths and water 
temperatures are greatest (Taylor et al. 1998).  Hydrated oocytes are of maximum diameter in the 
afternoon or early evening between 1400 and 1800 hours (Taylor et al. 1998).   
Snook exhibit group-synchronous oocyte development, i.e., within a single diel period, 
ovaries contain three distinct size classes of oocytes (Taylor et al. 1998; Roberts et al. 1999).  
Additionally, snook are batch spawners with indeterminate fecundity (Taylor et al. 1998).  Batch 
spawners are capable of spawning single batches of mature oocytes multiple times throughout a 
protracted spawning season (Brown-Peterson et al. 2011).  Indeterminate fecundity indicates 
oocytes mature to vitellogenesis (yolk formation) throughout the spawning season, as opposed to 
determinate fecundity where the number of mature oocytes is fixed and are present in the ovary 
prior to the spawning season (Murua and Saborido-Rey 2003; Brown-Peterson et al. 2011; 
Lowerre-Barbieri et al. 2011).  Further complicating their reproductive strategies, snook are 
protandric hermaphrodites, with both size and sex ratios initiating the transition.  Although most 
large snook are female, the oldest known snook (age 21 years) was a male (Taylor et al. 2000).  
Males are typically mature at age 1.  Transition from male to female typically occurs in the fall, 
following the end of the spawning season, and females are assumed to immediately after   this 
fall  transition (Taylor et al. 2000). 
Though snook were predicted  to  spawn every other day during the 150-180 day 
spawning season (Taylor et al. 1998), current acoustic tagging studies indicate that an individual 
female may  actually spawn daily for only about 75 days during a given summer (Trotter et al. 
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2012).   Additionally, up to 45% of the population may skip spawning altogether for an entire 
season, with some females not participating in spawning for multiple years (Trotter et al. 2012).  
“Skipped spawning,” wherein sexually mature females do not participate in spawning events, has 
been shown to be more prominent in fishes than previously assumed  (Jorgensen et al. 2005) and 
is possibly integrated as a reproductive strategy rather than an anomaly (Rideout and 
Tomkiewicz 2011; McBride et al. 2013).  Skipped spawning, though assumed through acoustic 
studies, is difficult to prove for indeterminate spawners (Rideout and Tomkiewicz 2011), such as 
snook, as large mature females can be found outside of the spawning areas throughout the 
spawning season.   
 
Chemistry of the Otolith 
 
Otolith microchemistry may be used to detect skipped spawning because the otolith is 
continually growing throughout the life of the fish; the otolith reflects the elemental ratios 
characteristic of the ambient water in which they reside.  Laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) is a relatively newly developed technique that allows 
rapid and accurate elemental assays of otoliths (Campana 1999).  Similar evidence of skipped 
spawning has been reported in barramundi, Lates calcarifer, an Australian Perciform, through 
the use of otolith microchemistry.  Researchers found that as many as 50% of the barramundi 
captured in rivers, where eggs cannot survive, had never migrated to the higher-salinity estuaries, 
and therefore had never spawned (Milton and Chenery 2005).  Why these fish would remain in 
the rivers and never participate in spawning remains unexplained but may be a result of 
reproductive immaturity. 
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Cold Event of 2010 
 
During January of 2010, a severe and lengthy cold front affected peninsular Florida. On 
the Gulf coast,  water temperatures dropped below the lethal thermal limit for snook (~15.0ºC)  
during January 1 through January 18, stunning and killing approximately one quarter of the 
snook population in Florida (FWRI 2010).  Large fish kills of  tarpon (Megalops atlanticus), 
hardhead catfish (Arius felis), and striped mullet (Mugil cephalus) were also observed (Milligan 
2010; Wilmath and Tao 2010).  Length-frequency distributions of snook captured  immediately 
following the cold kill by fishery independent monitoring surveys indicated lower catch indices  
of smaller snook, suggesting that smaller snook suffered greater  mortality  (rates) in  proportion 
to larger snook (FWRI 2010).  These severe cold-kills of snook resulted in an emergency closure 
to protect the remaining individuals from further decline of recreational harvest until August 31, 
2010.  After harvest reopened on September 1, 2010, regulations were quickly implemented to 
close harvest on September 17, 2010, through August 31, 2013, to allow the stock time to 
recover from the dramatic population losses on the Gulf coast (Muller 2013).  After the 2013 
snook stock assessment was completed and tSPR was determined  to be beyond the management 
objective of 40% (Muller 2013), harvest reopened on September 1, 2013.  
Murua et al. (2003) stated that the ‘main goals of estimating fecundity independent of 
reproductive strategy is to establish fecundity-size relationships’.  Few studies have focused on 
the snook’s complicated spawning patterns (Taylor et al. 1998).  No studies have been published 
that model snook batch fecundity as a function of length, weight, or age.  Additionally, no 
studies have measured the energetic reserves of spawning female snook, as reproduction is one 
of the most energetically costly metabolic expenses in a fish’s life.  It is also unknown why a 
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mature female would skip participating in a spawning event for a year or longer, though skipped 
spawning may occur due to reduced energetic fitness (Rideout et al. 2005).  Lipid ratios may 
indicate that larger females with greater reserves of stored lipid are females participating in 
spawning events, while less energetically fit females remain within rivers upstream of the 
spawning grounds.   
 
Objectives 
 
Given the recent evidence that an individual female snook spawns only  for about 75 days 
during a given year, and that as many as  45% of the population may skip spawning for an entire 
season (Trotter et al. 2012), it becomes  clear that there are both biological and management 
needs  to  accurately calculate mean fecundity and  spawning biomass of the critical remaining 
female snook.  Therefore, the principal objective of this work was to investigate the relationships 
between batch fecundity and the length, weight, age, and condition of female snook.  These 
results can be directly useful to annual stock assessments to evaluate the annual rates of 
fecundity and by proxy, the spawning stock biomass, for snook and therefore provide an 
additional measure with which to manage and  regulate the harvest of this iconic species.   
Specifically, the purpose of this study was to (1) determine the batch fecundity (i.e., 
number of eggs released in one spawning event) of female spawning snook of different lengths, 
weights, and ages, (2) use liver lipid percentage as a proxy for condition, and compare the energy 
stores of spawning females to non-spawning females (captured outside of the spawning season), 
and (3) use otolith microchemistry to investigate residence tendencies of snook captured 
upstream in freshwater areas.  To accomplish these objectives, the following questions were 
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addressed.  1.) Does length, weight, or age of spawning females best predict batch fecundity?  2.) 
Does batch fecundity vary annually during the consecutive years?   3.) Do the energetic reserves 
(lipid content) affect batch fecundity? 4.)  Do females participating in spawning events have 
greater total lipids than females caught in fresh water (that are not participating in spawning 
events)?  5.)  Is there an increase in the concentration of barium in the otolith of fish captured in 
freshwater compared to females captured at the spawning sites?  In other words, can otolith 
microchemistry determine if river-captured fish habitually spend more time in fresh water, as 
opposed to periodically occupying fresh water when not spawning?   
The results of this investigation will be directly applicable to the stock assessments of 
common snook conducted by FWRI scientists (R. Muller and R. Taylor, personal 
communication), and therefore will be useful to management of the fishery.  Additionally, batch 
fecundity estimates may be useful to aquaculture groups maintaining and rearing snook in 
captivity.  Last, this study served as a preliminary investigation of possible sub-population life 
history strategies which may relate to skipped spawning in snook. 
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METHODS  
 
 
Study Site 
 
Spawning snook that were reproductively active and formed large aggregations of 
hundreds of individuals were collected from the well-known spawning site at Rattlesnake Key, 
27º32.88'N, 82º37.86'W (R. Taylor, personal communication; Figure 1) at the mouth of Terra 
Ceia Bay during the spawning season of May through September in 2009, 2010, and 2011.  
Rattlesnake Key is vegetated primarily by mangroves and the surrounding-water bottom types 
are mostly hardbottom, sand, and mud with sea grasses (DEP 2009).  Additionally, snook 
inhabiting fresh water, ‘River fish’, were collected from the backwaters of the Manatee River 
27º31.37'N, 82º24.33'W (Figure 1).  This area was an oxbow off the mainstream that was low 
salinity to fresh water vegetated with palms, oaks, and other native trees that lined the tannin-rich 
river.  
 
Sampling Methods 
 
Spawning, or reproductively ripe, female snook were collected during the late afternoon 
(between 1400 and 1800 hours) just prior to spawning, when  oocytes become hydrated and are 
of maximum diameter (Taylor et al. 1998).  Aggregations were sight-targeted, then encircled 
with a 2.4m depth, 61m nylon trammel net by deploying the weighted and buoyed end of the net 
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and encircling the aggregation.  The trammel net had 3 panels of mesh; the internal panel had a 
2.5cm,  stretched mesh  #18 twisted nylon, and the outer panels were 25cm stretched mesh, #24 
twisted nylon (Figure 2).  Sampling at Rattlesnake Key was conducted on the following dates: 29 
June 2009; 1 August 2009; 7 August 2009; 14 May 2010; 11 June 2010; 24 June 2010; 10 
August 2010; 17 August 2010; 1 September 2010; 3 August 2011.   
Both male and female snook were captured but only female snook were collected.  
Spawning adult male snook could be identified by the presence of flowing milt upon slight 
pressure to the abdomen; males were counted and returned to the water alive.  Female snook 
were identified by both external features (an additional orifice at the genital pore) and confirmed 
by ovarian biopsies. Each female was placed on ice and returned to the lab for immediate 
processing.  Photographs of external sex classifications can be found in Appendix A.  Location 
coordinates, water depth, temperature, salinity, conductivity, time of day, moon and tide phase, a 
detailed habitat description, and superficial fish condition were recorded at the time of capture.   
In addition, snook representing the ‘river fish’ or non-spawning individuals were 
collected from an oxbow of the Manatee River by electrofishing on 12 October 2011.  The 
electrofishing boat was equipped with a 9 KW DC generator regulated through a Smith-Root 
transceiver.  Electrodes were bow-mounted electracathodes with the metal hull serving as the 
anode.  The current field had an approximately 1.6 m radius.  When the electrofishing 
mechanism was turned on, stunned fish floated to the surface and were removed from the river 
using a dip net.  The sex of each fish was assumed based on size and only large snook, 
presumably females were collected.  Smaller fish were assumed to be male and were placed in a 
live well on board the boat until they regained swimming ability, and were then released.  Snook 
were placed on ice and returned to the lab for immediate processing.   
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Dissections were completed within 24 hours of field collection to minimize degradation 
of tissue samples.  Fork, standard, and total length (TL) were measured (± 1 mm).  Total weight 
(TW), gut weight including contents (GW), and ovary weight (OW) and somatic weight (SW; 
which is calculated as SW = TW – GW – OW) were measured (± 0.1 g) and recorded.  
Gonadosomatic index (GSI) was calculated following the equation below.   
𝐺𝑆𝐼 =  𝑂𝑊
𝑇𝑊
 ×  100 
GSI is a measure of the gonad weight in relation to body weight and is used to evaluate spawning 
seasonality and diel patterns in spawning.  
A clean portion of white muscle tissue (free of blood and scales) between 20 and 30 g 
was taken from the area immediately dorsal to the base of the pectoral fin, weighed (± 0.1g), and 
sealed in a plastic bag.  Either the entire liver or a sample weighing approximately 25 g was 
removed and weighed (± 0.1 g), sealed in a plastic bag, and frozen with the corresponding 
muscle sample for proximate analysis.  Both otoliths were removed, dried, and stored for aging.  
The sex of each snook was validated.  The ovaries of confirmed female fish were weighed (± 0.1 
g) and a subsample was cut into a 2.5 cm cube and fixed in 10% buffered formalin.   
 
Batch Fecundity 
 
Following the hydrated oocyte method  (Hunter et al. 1985), batch fecundity was 
calculated by weighing the total ovary, counting the number of hydrated oocytes in a pre-
weighed subsample, and prorating to estimate the total number of hydrated oocytes in the ovary.  
Based on histological analysis of ovarian tissue, each female was assigned an ovarian stage 
classification.  Only ovaries which had hydrated oocytes but had not recently ovulated were 
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suitable for batch fecundity analysis, as shedding of a partial clutch prior to collection would 
depress batch-fecundity estimations.  Therefore, females undergoing oocyte maturation (OM), 
with both the presence of hydrated oocytes and the simultaneous absence of recent post-
ovulatory follicles (POFs), were considered suitable for batch fecundity analyses.  Batch 
fecundity was estimated from 43 female ovaries that were identified as undergoing OM in the 
absence of recent POFs.  Weight of fixed ovary samples was used to in the calculation of 
fecundity (rather than fresh weight), as it has been reported that there is no significant difference 
between fresh- and fixed-weight batch fecundity methods (Lowerre-Barbieri and Barbieri 1993).   
 
Aging 
 
Otoliths were removed from the fish during dissection, rinsed, dried, and stored.  When 
possible, the left otolith was used for aging.  Each otolith was hot-glued to the center of a thin 
strip of labeled cardstock and the location of the core was marked using a pencil.  The cardstock 
was mounted to a Buhler 5 blade saw and run until the otolith sections could be cleanly removed.  
The sections were mounted on glass slides using Flo-texx as a liquid coverslip, bubbles were 
removed, and the embedded otoliths were allowed to dry for 24 hours.   
Photos of otolith annuli were taken using a Leica DFC295 camera mounted on a Leica 
M29.5 stereomicroscope, using Leica Application Suite Core software to acquire images.  Age of 
each snook was determined by counting concentric opaque rings (annuli) according to the 
methods of Taylor et al. (2000).  Each otolith was read by two individuals, who then compared 
ages.  Any discrepancies were discussed and resolved between the readers. 
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Histology 
 
 A portion of the previously fixed ovary was rinsed and transferred to 70% denatured 
ethyl alcohol and processed by the Histology Group at Florida Fish and Wildlife Research 
Institute (FWRI) for histological analysis.  Each subsample was sectioned, embedded in glycol 
methacrylate resin, and stained with a periodic acid/Schiff’s/Weigert’s hematoxylin/metanil 
yellow method developed at FWRI, then scored and assigned a gonad stage classification 
following (Grier et al. 2009).   
For this study, reproductive phase refers to the classification of the individual with regard 
to the reproductive cycle (i.e., immature, spawning capable, regressing) and describes the 
cyclical development of the ovary based on seasonality and maturity of the fish (Brown-Peterson 
et al. 2011).   A spawning capable individual is defined as an individual that is capable of 
spawning within days, hours, or has recently spawned (Brown-Peterson et al. 2011).  We refer to 
reproductive stage when referencing the specific development of individual gametes (such as 
vitellogenesis, oocyte maturation, and ovulation).  Females were considered to be in the 
spawning capable phase (Brown-Peterson et al. 2011) if oocytes were observed in Stages IV, V, 
or VI based on stage classification characteristics defined by Grier et al. (2009).  Spawning 
capable female ovaries had entered secondary growth and could either ovulate within days to 
hours, or had recently ovulated (Table 1).   
Ovaries in vitellogenesis (Vtg) had entered secondary growth and yolk formation had 
begun within the ovary (Figure 3a, 3b).  Ovaries undergoing oocyte maturation (OM) were 
identified by coalescing oil droplets, oocyte hydration, translucent appearance, and larger size 
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(600-800 µm) (Figure 3c, 3d).  Finally, ovaries that had ovulated were classified by the presence 
of recently formed POFs (Figure 3e, 3f).   
Although females undergoing VTG are still considered spawning capable, the timeframe 
for final oocyte maturation varies from hour to days (R. Taylor, personal communication) and 
oocytes are not yet hydrated, and therefore cannot be included in batch fecundity analysis.  
Females in the OV stage were also excluded, as early POFs indicate recent spawning or 
ovulation; any hydrated oocytes observed in an OV female may be part of a partially spawned 
batch.  Therefore, only females undergoing OM were considered suitable for batch fecundity 
analysis (Hunter et al. 1985).   
 
Estimating Batch Fecundity 
 
Preserved sections of ovaries were cut laterally to open the tunic and sections were rinsed 
with tap water to dislodge all hydrated oocytes using a 120 µm mesh sieve.  Uniformly, 
loosening all oocytes from the ovarian tissue was problematic.  However, loosening was 
accomplished by increasing the pressure of the rinse water.  When all oocytes were free from the 
remaining ovarian lamellae, the oocytes were swirled in the sieve with a final rinse of water to 
randomly distribute the oocytes.  The sieve was then placed in a metal pan which allowed any 
excess water to drip into the pan.  One replicate was weighed  to 1.0000 gram  (Hunter et al. 
1985) and was placed in a pre-weighed, gridded Petri dish.  Water was added to the Petri dish, 
the water covered the bottom of the Petri dish, preventing free-floating movement of the oocytes.  
Hydrated oocytes in the weighted sub-sample were counted using an Olympus SZX12 
microscope fitted with a PX5-CM PaxCam digital camera, and visualized on a computer monitor 
16 
 
using PaxIt software Version 7.4.  Images of replicates were stored for future reference.  This 
process was repeated for a second replicate for each sample.  Afterwards, oocytes were 
transferred to 70% ethanol for storage.  Batch fecundity for each female was estimated by taking 
the mean of the calculated (F) for both replicate sub-samples using the following algorithm: 
F = gonad weight (OW) * oocyte density (Oi / gram ovarian tissue) 
Where Oi represents the number of oocytes counted and OW is the weight of the ovary. 
 
Proximate Analysis 
 
Muscle and liver samples were weighed upon dissection for proximate analysis and 
frozen.  A basic extraction was performed following the modified procedures (Folch et al. 1957) 
described below to calculate percentages of: water, ash, protein, and lipid.  Detailed procedures 
are provided in Appendix B.   
 
Sample Preparation 
 
Samples were thawed and rinsed with deionized water to remove any blood or scales, and 
were then gently blotted dry with a paper towel.  A subsample about 0.6 cm thick with a surface 
area of about 2.5 cm2  was cut and placed on a pre-weighed aluminum dish and weight was 
recorded to the nearest 0.0001 g.  Remaining sample material was returned to a closed plastic 
bag for storage in the freezer.  The aluminum dish and subsample were placed into a pre-labeled 
Whirl-Pak bag.  This process was repeated for all samples.   
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Lyophilization  
 
Whir-Pak bags with subsamples were freeze-dried at -50°C and pressure 0.018 torr for 48 
hours.  Subsamples were removed from the freeze-dryer and immediately weighed to reduced 
absorption of atmospheric moisture.  Subsamples were then homogenized to a fine powder using 
a Crescent Wig-L-Bug 3110B stainless steel ballmill, stored in 2 ml glass sample vials, and 
stored in plastic bags at -20C until lipid extraction.   
 
Lipid Extraction  
 
Lipid extraction was performed following previously published techniques (Folch et al. 
1957) with modifications due to technology improvements, using a Dionex Accelerated Solvent 
Extractor (ASE) 200 with dichloromethane as the solvent (Cequier-Sanchez et al. 2008).  Lipids 
were extracted using the ASE with parameters set to run dichloromethane through the samples at 
100° C at 2,000 psi for 5 minutes with 2 extraction cycles.  Extracted samples were frozen to 
reduce bacterial degradation prior to combustion.   
 
Combustion 
 
Porcelain crucibles were pre-combusted in a muffle furnace at 550°C for one hour and 
then allowed to cool inside the furnace for 24 hours.  The crucibles were weighed to the nearest 
0.0001 g and the weight was recorded.  The sample material was added and the crucible was re-
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weighed.  Samples were then combusted in the muffle furnace for 2 hours at 550°C.  After 
cooling for 24 hours, samples were re-weighed. 
 
Otolith Microchemistry 
 
The three oldest spawning females from August 2011 were selected to represent “bay 
fish” for comparison with three “river fish” caught by electrofishing after the spawning season 
had ended in October 2011.  Barium was selected as the element of study as elevated 
concentrations of barium are indicative of fresh water (Elsdon and Gillanders 2005).  The ICP-
MS lab at the USF College of Marine Science is equipped with a 193 nm laser ablation system 
for conducting otolith microchemistry analysis. Core-to-edge LA-ICP-MS profile transects were 
performed on the selected otoliths which were mounted on Crystal Bond.  Originally, the intent 
was to run a transect along the otolith with a second replicate traversing the original transect, 
however, the stage stopped moving on some otoliths and the transect was aborted, and the 
replicate was re-run.  The data were parsed to exclude elemental concentrations that were 
measured when the laser was both beginning the transect and when the laser was ending the 
transect and encountering Crystal Bond.  
The distance along the otolith transect was measured using ImageJ 1.74v, after each 
image was calibrated by number of pixels per micron.  The measured distances were consistently 
longer than the final position of the parsed data for each transect path so the distances were 
standardized by the final position as a ratio of the total length.  Barium concentration (µmol/mol 
relative to Ca, which constitutes 40% of otolith mass) was averaged from annulus to annulus to 
give a representative concentration of barium for each year of the fish’s life.  Overall average 
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Ba:Ca concentration was compared between river fish and bay fish, then from annulus to annulus 
for both 1) between calendar years, and 2) by age, as fish were not all the same age.  Because 
fish were collected in August or October of 2011, the distance from the final annulus to the edge 
of each otolith was assigned the year 2011 for calendar year comparisons as it was the year of 
collection.  Each annulus was then assigned a calendar year for each annulus of the fish’s life.  
The distance from the final annulus to the edge of each otolith was considered 0.5 year for age 
comparisons.  Complete transects of Ba:Ca for each individual fish’s life are included in 
Appendix G. 
 
Statistical Analysis 
 
Statistical analyses were conducted using Statgraphics Centurion XVI version 16.1.18.  
Yearly comparisons were conducted for total length (TL), total weight (TW), age, gut weight 
(GW), ovary weight (OW), somatic weight (SW; TW - GW - OW), GSI, and for all proximate 
analysis components (water, lipid, protein, ash).  River fish were excluded from yearly 
comparisons as they were not spawning capable and were collected outside of the spawning 
season during 2011.  All yearly comparisons were made using one-way ANOVA and, whenever 
necessary, data were ln-transformed to meet assumptions of normal distributions.  Fisher’s least 
significant difference (LSD) post-hoc test was used to evaluate among-group differences.   
Stage classification comparisons were conducted for TL, TW, SW, age, gonad weight, 
GW, GSI, and all proximate analysis components.  Although formal histology was not performed 
on river fish, river fish were included in ‘stage classification’ comparisons as an ancillary 
investigation to examine differences between spawning capable females and fish captured 
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outside of the spawning season and spawning grounds.   When data-transformations did not meet 
the assumptions of normal distributions, nonparametric statistical tests were used.  Stage-
classifications were compared using nonparametric Kruskal-Wallis ANOVA, with median notch 
box-and-whisker plots used to evaluated among-group differences.  Kruskal-Wallis ANOVA 
was used to test for differences in TL, GW, GSI, and batch fecundity across collection month 
and then year.  A backward-stepwise multiple regression was used to select variables (TW, TL, 
SW, GSI, age, and LLP) that best predicted batch fecundity.  To test for multicollinearity 
(correlation) between the selected predictive variables, the variance inflation factor (VIF) was 
calculated.  A model was then developed to predict batch fecundity based on non-correlated 
variables that were significant in the stepwise regression.  Linear regressions for batch fecundity 
as a function of the individual variables TW, SW, TL, LLP, and age were also produced within 
individual years.  Year-specific regressions were compared using ANCOVA. 
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Tables and Figures 
 
 
Table 1:  General classification system used to define stages of oocyte development. 
Phase Stages Stages Code References 
Sp
aw
ni
ng
 c
ap
ab
le
 
IV 
vitellogenesis; 
yolked 
oocytes 
VTG 
Grier et al. 2009; 
Brown-Peterson et 
al. 2011 
V 
late germinal 
vesicle 
migration, 
oocyte 
migration, and 
hydration 
OM 
Grier et al. 2009; 
Lowerre- Barbieri 
2009; Brown-
Peterson et al. 2011 
VI Ovulation OV 
Grier et al. 2009; 
Brown-Peterson et 
al. 2011 
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Figure 1:  Sampling locations.  Spawning females were collected during 3 spawning seasons 
from Rattlesnake Key.  River collections were made at the Upper Manatee River location.  (map 
created by Andrew Hayslip) 
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Figure 2:  Trammel net used to collect spawning individuals.  (a) The net consists of two outside 
panels of smaller entangling mesh and an inner panel of larger heavier mesh that held the 
captured snook. (b)  Photo of snook entangled in mesh being brought onboard.   
 
(a) b
Photo credit: Carli Segleson, FWRI 
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Figure 3:  Images of ovary stages from different females. (a,b) Vitellogenesis (VTG) of oocytes, 
as indicated by yolk coalescence and gravid oocytes; (c,d) oocytes undergoing oocyte maturation 
(OM) as distinguished by the translucent appearance, hydration, and larger size; (e,f) collapsed 
POFs indicating  eggs were recently ovulated (OV).    
 
 
  
CMB-10052801-01  
TL = 729 mm 
 
 
Post-Ovulatory Follicles (POFs) 
 
CMB-09080701-01 
TL = 535 mm 
CMB-10052801-08 
TL = 573 mm 
CMB-10052801-02  
TL = 814 mm 
 Gravi
d 
CMB-10052801-02  
TL = 814 mm 
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RESULTS 
 
Summary Statistics 
 
In total, 64 female snook were collected at spawning sites during the study:  2009 (n = 
24), 2010 (n = 31), and 2011 (n = 9).  All females collected at the spawning aggregations were 
deemed spawning capable as all ovaries were at or beyond the secondary growth threshold.  
Three river fish were collected in October 2011, from the freshwater reaches of the Manatee 
River (Figure 1).  Of the 64 spawning capable females, 10 females were in vitellogenesis (VTG), 
43 were in oocyte maturation (OM), and 11 had ovulated (OV).  A complete presentation of 
these data is given in Appendix C.   
Total length (TL) of all females, including river fish ranged 460-985 mm, with a mean of 
672 mm (Figure 4a).  The 43 females suitable for batch fecundity analysis (females in OM) 
ranged 460-921 mm TL, with a mean of 639 mm (Figure 4b).   
Ages of all females collected, including river fish ranged 3-17 years; with a mean of 6.2 
years, median of 6 years (Figure 5a).  Ages of females suitable for batch-fecundity analysis 
ranged 3-13 years; with a mean of 6.1 years, median of 6 years (Figure 5b), indicating that the 
females suitable for batch fecundity were a representative of the total age distribution collected.  
The females collected were within the range of expected lengths and ages of a spawning stock 
(Muller 2013).  Though there was one 17 year old female collected, she was not suitable for 
fecundity analysis as she was in VTG.  Additionally, river fish were larger at age than spawning 
capable females (Figure 5a). 
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Yearly Comparisons 
 
Although females collected in 2010 and 2011 were younger those collected in 2009, there 
was no significant difference in age by year (KW ANOVA, H = 1.11, p = 0.57).  There was no 
significant difference in total length among collection years (KW ANOVA, H = 3.1, p = 0.21).  
Total length was compared to age within years (R2 = 42%; Fmodel(5,62) = 9.97, p ≤ 0.0001; 
Figure 6) and results of an ANCOVA comparing the annual regressions indicated that there was 
no significant difference in slopes (p = 0.944) or intercepts (p = 0.06), however, the p-value of 
0.06 suggests that there may have been a difference in the intercepts among collection years. 
TL, TW, SW, age, OW, and GW were not statistically different among collection years 
(p > 0.05).  Gonadosomatic index (GSI) was significantly higher in 2010 than 2011, but GSI of 
females collected in 2009 did not significantly vary from other collection years (F(2,61) = 3.72, 
p = 0.0299; Figure 7).   
 
Batch Fecundity 
 
Monthly comparisons of TL, TW, SW, age, and OW of females suitable for fecundity 
analysis (OM) did not differ (p < 0.05) indicating that there was not a detectable difference in 
size or age of females during the spawning season.  Gut weight of females in OM was 
significantly higher in August than in June, though no difference was detected in May (H(2) = 
9.94; p = 0.007), suggesting that feeding may increase toward the end of the spawning season.  
GSI of females in OM was significantly lower in August than May or June (H(2) = 7.46; p = 
0.02).  Batch fecundity did not vary significantly by collection month (H(2) = 0.0970; p = 
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0.9526).  Intra-annual comparisons of batch fecundity also did not vary monthly during 2009 
(ANOVA, F(1,18) = 2.24; p = 0.15) or 2010 (ANOVA, F(1,15) = 0.05; p = 0.83).  All 2011 
batch fecundity samples were collected in August, therefore excluding intra-annual monthly 
comparisons. 
Total length, TW, SW, age, and OW of females in OM did not differ among years (p < 
0.05).  GW was significantly lower for OM females collected in 2010 compared to females 
collected in 2009 and 2011 (H(2) = 11.43; p = 0.003).  GSI of females in OM was significantly 
higher in 2010 than females collected in 2009 or 2011 (H(2) = 15.67; p = 0.0003; Figure 8).   
Batch fecundity and relative fecundity were calculated for snook.  There were 20 females 
suitable for batch-fecundity analysis from 2009, 17 from 2010, and 6 from 2011; collection 
month and year are presented in Table 2.  Batch fecundity ranged from 258,913 to 2,663,737 
eggs, with a mean of 984,689 eggs; median of 781,330 eggs.  Relative fecundity (total number of 
eggs per gram of total body weight) was highly variable and ranged from 181 to 1,266 eggs g-1, 
with a mean of 465 eggs g-1.   
Batch fecundity did not vary significantly by collection year (F(2) = 0.03; p = 0.97; 
Figure 9).  Batch fecundity did not significantly differ between August 2009 and August 2011 
(ANOVA, F(1,20) = 0.11; p = 0.74) or June 2010 and June 2009 (ANOVA, F(1,17) = 3.86; p = 
0.07).  Relative fecundity did not vary between 2009 and 2010, however was significantly lower 
in 2011 than other collection years (ANOVA, F(2,42) = 3.89; p = 0.03; Figure 10). 
A backward stepwise regression was used to test if TL, TW, age, and liver lipid percent 
(LLP) significantly predicted batch fecundity.  GSI was removed from the predictive variables 
due to collinearity with TW based on significant correlations between GSI and TW, GSI and 
SW, and VIF calculation (p < 0.05; VIF = 1.3).  The final model indicated that TW (T = 9.60; p 
28 
 
≤ 0.0001) was the most significant predictor for batch fecundity (R2 = 72%; Fmodel(1,35) = 92.08; 
p ≤ 0.0001).  The final linear model between TW and batch fecundity is provided in Table 3.  
Linear regressions were performed to evaluate the predictors of average batch fecundity.  The 
formula below was used for all average batch fecundity regressions: 
 
Average batch fecundity = a + b(V1)  
 
Where a and b are coefficients generated from the model, and V1 represents variables used in the 
regression.  Model outputs for all average batch fecundity regressions are listed in Table 3.  All 
models were significant predictors of average batch fecundity, except GSI which was excluded 
below.  The best model for average batch fecundity was the linear regression using TW, based on 
the highest R2 value and results from the stewpwise regression.  Figure 11 illustrates the 
relationship of average batch fecundity with TW.  
Results of the ANCOVA comparing regression lines for average batch fecundity and TW 
(ln-transformed) indicated that there was a significant difference among slopes (p = 0.04) and 
intercepts (p = 0.005) of collection years (R2 = 78%; Fmodel(5,42) = 25.84, p ≤ 0.0001; Figure 12).  
The greatest slope was observed in 2011 (slope = 1,405,256), followed by 2009 (slope = 
1,113,846), and the lowest slope was in 2010 (slope = 576,197).   
 
Comparisons of Stage Classification and River Fish  
 
An ancillary comparison of gut to ovary weight showed that gut weight and ovary weight 
were inversely related in river fish, as compared to spawning capable (stages: VTG, OM, OV) 
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females.  River fish had significantly reduced OW and significantly higher GW than those 
participating in spawning events.  OW was significantly lower in river fish than females in stages 
OM or OV, but was not significantly different from females in VTG (H(3) = 11.11; p  = 0.01).  
GW was higher in river fish than all stages of spawning capable females (H(3) = 13.30; p  = 
0.004), although VTG females also had higher GW than OM females.  An inverse relationship 
between OM and GW was observed between spawning capable females and river fish (Figure 
13).  
River fish had significantly lower GSIs than spawning capable females, while VTG 
females had significantly lower GSI than OM or OV females (Kruskal-Wallis ANOVA; H(3) = 
28.55; p ≤ 0.0001, Figure 14).   
 
Proximate Analysis 
 
Yearly Comparisons 
 
 Water comprised the greatest percentage of both muscle (mean = 72.08%) and liver 
(mean = 77.25%) samples, followed by protein and lipid (Table 4).  Liver lipids and protein were 
highly variable.  Percentages of ash, lipid, and water in muscle tissue did not significantly vary 
among collection years (p > 0.05; Table 5).  Somatic percent protein was significantly higher in 
2010 (M2010 = 20.2% ± 1.1%) compared to 2009 (M2009 = 18.4% ± 1.5%).  However, there was 
no significant difference in 2011 protein percent (M2011 = 18.9% ± 0.8%; Figure 15), which was 
based on a very small sample size.  
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There were significant differences in both percent ash and liver lipid by collection year 
(Kruskal-Wallis ANOVA; Table 6).  There was no significant difference in percent protein or 
water of liver tissues across collection years (p > 0.05, Table 6).  Percent ash was significantly 
higher in 2010 than 2009, though percent ash was not significantly different from other 
collection years for 2011 samples (Table 6, Figure 16).  Percent lipid was significantly lower in 
2010 than 2009, though 2011 percent lipid was not significantly different from other years 
(Table 6, Figure 17).   
 
Stage Classification and River Comparisons 
 
Comparisons of proximate composition were also made by stage classification as a 
preliminary investigation comparing spawning capable females to river fish.  There were no 
significant differences among the somatic proximate composition percentages by stage 
classifications of females (Table 7).  Percent lipid was not significantly different among stage 
classifications, and percent ash was marginally insignificant (Table 8).  However, both percent 
protein and percent water varied between stage classifications (Table 8).  Percent protein was 
significantly higher in river fish liver tissues (Figure 18), while percent water was significantly 
higher in spawning capable females compared to river fish (Figure 19).  
 
 
Condition and Fecundity Comparisons 
 
Average batch fecundity was compared to LLP (ln-transformed) between 2009 and 2010 
(Figure 20).  Samples from 2011 were excluded due to low sample size.  Results of the 
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ANCOVA comparing the annual regressions indicated there was a significant difference in the 
relationship of average batch fecundity to LLP (ln-transformed) between 2009 and 2010 
(ANCOVA, Fmodel(3,32) = 6.15, p ≤ 0.0023; Figure 20).  There was not a significant difference 
between intercepts (p = 0.19); however, there was a significant difference between slopes (p = 
0.01).  
 
Microchemistry 
 
Overall, average [Ba] was significantly lower in bay fish compared to river fish (H(2) = 
8.58; p = 0.003; Figure 22).  However, bay fish were older than river fish, so [Ba] was examined 
both annually and by age.  [Ba] profiles for each fish are included in Appendix D.  Concentration 
of [Ba] generally decreased with age for bay fish and was more variable in river fish (Figure 23).  
For both bay and river fish, [Ba] was greater at age 1 than age 2.  In general, [Ba] was greater in 
river fish than bay fish for each age. [Ba] follows a similar trend annually; however, river fish 
have generally higher concentrations on barium by year (Figure 24).   
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Tables and Figures 
 
Table 2:  Number of females suitable for batch fecundity analysis by collection month and year. 
 2009 2010 2011 All years 
May 0 2 0 2 
June 4 15 0 19 
August 16 0 6 22 
All months 20 17 6 43 
 
 
Table 3:  Outputs from linear regression models, where a is intercept, b is slope, F is ANOVA F 
with degrees of freedom in parentheses, and p is the probability of the slope being zero.  Total 
weight was the best single predictive variable for batch fecundity. 
Regression 
variable a b R
2 F p 
Total weight 172,169 355 75.06 (1,42), 123.38 ≤ 0.0001 
Somatic weight 192,123 381 74.32 (1,42), 118.65 ≤ 0.0001 
Total length -1,694,970 4,196 65.51 (1,42), 77.88 ≤ 0.0001 
Liver lipid percent 415,668 83,076 25.27 (1,35), 11.50 0.002 
Age 304,996 110,288 15.91 (1,42), 7.76 0.008 
 
 
Table 4:  Range, means, and standard deviations of percent composition of ash, lipid, protein, 
and water for muscle and liver samples, all years included. 
Range and Means of Proximate Composition of Samples from All Years 
Component 
Muscle Liver 
Range Mean SD Range Mean SD 
Ash 0.56 1.90 1.18 0.19 0.12 3.95 1.92 0.84 
Lipid 0.71 4.59 1.75 0.81 2.47 16.85 6.38 3.24 
Protein 10.05 22.08 19.39 1.54 4.13 28.66 18.32 3.53 
Water 73.72 81.93 72.08 3.52 59.92 78.85 77.25 1.50 
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Table 5:  Kruskal-Wallis ANOVA results from yearly comparisons of proximate composition of 
muscle tissue samples.  Significant differences are indicated by * in the p-value column.  
Significant differences between years from median-notch box and whisker plots (Figure 15) are 
indicated by superscripts.   
Sample Size and Results from Yearly Comparisons of Muscle 
Tissue Proximate Analysis 
Component 
n 
H P 2009 2010 2011 total 
Ash 23 30 3 56 0.64 0.73 
Lipid 24 31 3 58 2.38 0.30 
Protein 23a  30b  3ab 56 17.13 0.0001* 
Water 24 31 3 58 1.34 0.51 
 
 
Table 6:  Kruskal-Wallis ANOVA results from yearly comparisons of proximate composition of 
liver tissue samples.  Significant differences are indicated by * in the p-value column.  
Significant differences between years from median-notch box and whisker plots (Figure 16) are 
indicated by superscripts in the table. 
Sample Size and Results from Yearly Comparisons of Liver 
Tissue Proximate Analysis 
Component 
n 
H P 2009 2010 2011 total 
Ash 19a 31b 3ab 53 7.03 0.03* 
Lipid 19a 30b 3ab 52 8.76 0.01* 
Protein 19 31 3 53 1.76 0.42 
Water 19  30  3 52 3.82 0.15 
 
 
Table 7:  Comparisons of proximate compositions by stage classification of somatic tissue. 
Sample Size and Results from Stage Comparisons of Muscle Tissue 
Proximate Analysis 
Component 
n 
H p VTG OM OV RIVER total 
Ash 7 38 11 3 59 1.12 0.77 
Lipid 7 40 11 3 61 2.38 0.50 
Protein 7 38 11 3 59 2.15 0.54 
Water 7 40 11 3 61 6.00 0.11 
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Table 8:  Comparisons of proximate compositions by stage classification of liver tissue. 
Sample Size and Results from Stage Comparisons of Liver Tissue Proximate 
Analysis 
Component 
n 
H p VTG OM OV RIVER total 
Ash 7 36 10 3 56 7.61 0.05 
Lipid 6 36 10 3 55 1.54 0.67 
Protein 7a 36ab 10ab 3b 56 12.03 0.007* 
Water 6 36 10 3 55 9.51 0.02* 
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Figure 4:  Length-frequency distributions of collected female snook.  Bins are 25mm.  (a) 
Spawning capable females are indicated in solid pattern (n = 64) and river fish are indicated in 
hatched pattern (n = 3).  The Gulf Coast slot limit (609.6-838.2 mm) is indicated by two vertical 
bars, although harvest was closed during 2010 and 2011.  (b) Length-frequency distribution of 
only females suitable for batch-fecundity analysis (n = 43).   
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Figure 5:  Plots of TL by age.  (a) Spawning capable females are indicated by solid circles (n = 
64), river fish are indicated by triangles (n = 3), and (b) females suitable for batch fecundity 
analysis are indicated by open circle (n = 42).   
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Figure 6:  Comparison of annual regression lines of total length (TL) on age of spawning capable 
females. There was no significant difference in slopes (p = 0.9) or intercepts (p = 0.06); however, 
the overall relationship between length and age was positive and significant (R2 = 42%; 
Fmodel(5,62) = 9.97, p ≤ 0.0001).  
 
 
 
Figure 7:  Box-and-whisker plot of GSI by collection year.  Boxes indicate the interquartile 
range, crosses identify the mean, the horizontal lines identify the median, and whiskers identify 
the total range.   
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Figure 8:  Box-and-whisker plot of GSI by collection year.  Letters indicate significantly 
different groups, as indicated by median-notch overlap.   
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Figure 9:  Box-and-whisker plot of batch fecundity by collection year.   
 
 
 
39 
 
R
el
at
iv
e
Fe
cu
nd
ity
(n
o.
eg
gs
/g
ra
m
T
W
)
Collection Year
2009 2010 2011
Relative Fecundity by Collection Year
0
300
600
900
1200
1500
 
Figure 10:  Box-and-whisker plot of relative fecundity by collection year.   
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Figure 11:  Linear regression illustrating the relationship between total weight and average batch 
fecundity.  Gray lines indicate 95% confidence intervals for the mean and dotted lines indicate 
prediction limits for individual data observations. 
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Figure 12:  Comparison of year-specific regression of average batch fecundity on total weight 
(ln-transformed).   
 
 
 
 
Figure 13:  Comparison of gut weight (GW) to ovary weight (OW).  Means and standard 
deviations of for each stage classification: vitellogenesis (VTG), oocyte maturation (OM), 
ovulated (OV), and for river fish.   
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Figure 14:  Box-and-whisker plot of GSI by stage classification and for river fish.  Letters 
indicate significantly different groups, as indicated by median-notch overlap.   
 
 
 
M
us
cl
e
Pr
ot
ei
n
Pe
rc
en
t
Collection Year
2009 2010 2011
Proximate Composition Analysis of Muscle Tissue
15
17
19
21
23
a b
ab
 
 
Figure 15:  Box-and-whisker plot of percent protein of muscle samples by collection year.   
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Figure 16:  Box-and-whisker plot of percent ash of liver samples by collection year.   
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Figure 17:  Box-and-whisker plot of percent lipid of liver samples by collection year.   
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Figure 18:  Box-and-whisker plot of percent protein of liver samples by stage classification.   
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Figure 19:  Box-and-whisker plot of percent water of liver samples by stage classification.   
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Figure 20:  Annual comparison of regression lines for average batch fecundity and liver percent 
lipid.   
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Figure 21:  Annual comparison of regression lines for average batch fecundity and age. 
Note the inflection point at age 6.  Slopes and intercepts were not significantly different (p = 
0.2635 and 0.9980, respectively).    
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Figure 22:  Box-and-Whisker plot of average barium concentrations of bay fish compared to 
river fish. 
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Figure 23:  Average [Ba] of bay fish (open circles) and river fish (triangles) by fish age.  
Standard deviations are indicated by vertical bars.  
 
46 
 
Plot of Average Ba:Ca vs Year
2003 2005 2007 2009 2011
Year
0
3
6
9
12
15
(X 0.000001)
A
ve
ra
ge
B
a:
C
a
Bay fish River fish
 
Figure 24:  Average [Ba] of bay fish (open circles) and river fish (triangles) by year.  Standard 
deviations are indicated by vertical bars.  
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DISCUSSION 
 
Batch Fecundity 
 
Snook are highly fecund and, similar to many fish species, batch fecundity of snook is 
best estimated as a function of size.  A significant positive relationship between batch fecundity 
and female size was reported as represented by weight or length; however, age was not a good 
predictor of batch fecundity (Table 3).  Batch fecundity is traditionally compared to somatic 
weight of the fish, rather than length (Hunter et al 1985), and while snook total weight (TW) and 
somatic weight (SW) were better predictors for batch fecundity, total length (TL) also showed a 
significant positive relationship with number of eggs (Table 3).  The significant positive 
relationship of these three factors is important, as sometimes only one of the three measurements 
may be taken by researchers or port samplers.  Estimates of batch fecundity are directly relevant 
to the management of snook as it is used in calculations for both spawning stock biomass (SSB) 
and spawning potential ratio (SPR).  Snook are managed using SPR, which is calculated as 
fecundity of the fished population divided by the fecundity of the unfished population.  
Therefore, this batch fecundity model will promote more robust estimations in stock 
assessments.   
Estimations of batch fecundity are fundamental to stock assessments.  This research 
represents the first time batch fecundity has been reported for snook, although a previous 
unpublished study by Taylor (personal communication) also estimated batch fecundity.  Taylor’s 
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methods for calculating batch fecundity differed, therefore, comparisons between the 
unpublished Taylor data and this study should be used with caution.  The batch fecundity results 
we report are similar to Taylor’s estimations collected in Tampa Bay during the spawning 
seasons of 1989 and 1989 (unpublished data, personal communication).  Both average and 
relative batch fecundities from the present study are comparable to Taylor’s; Taylor’s estimate of 
average batch fecundity was slightly higher (1,279,768 eggs/batch vs. 984,689 eggs/batch), while 
relative batch fecundities were slightly lower (mean = 273 range 92-791 vs. mean = 465, range 
181-1266 eggs g-1).  Variation between the range and relative batch fecundities could have been 
due to: 1) method differences; 2) larger egg size in 1988-1989 collections; or 3) the location of 
fish collection, as batch fecundity in spotted sea trout has been reported to vary by spawning site 
(Lowerre-Barbieri et al. 2009).  Though not statistically evaluated, diameters of hydrated oocytes 
were similar to those previously reported for wild-caught snook oocytes (Rhody et al. 2013).  
Because we did not consider egg size or quality in relation to the number of eggs produced, 
future studies should consider how energetic condition compares with these parameters or if 
there has been a shift in size at age over time, which may influence egg size.  
All females collected at the spawning grounds were spawning capable, suggesting that 
females not participating in spawning do not approach the spawning grounds.  No females were 
observed at the spawning site with post-ovulatory (POFs) greater than 6 hours old that were not 
concurrently forming newly hydrated oocytes, and this result is consistent with findings that 
snook are capable of spawning in consecutive daily spawning events (Taylor et al. 1998).  
Additionally, our results indicate that possibly 6-12 hours is the minimum time needed for a 
clutch of oocytes to mature to full hydration and OM, as evidenced by the previous estimations 
of spawning frequency ranging from 1:1 and 2:5 days (Taylor et al. 1998).  Of the 43 females in 
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OM, 28% had POFs greater than 12 hours old, signifying that around one quarter of the females 
captured were repeatedly spawning.  Of the 12 that were repeatedly spawning, only 2 were 
collected in 2010, while the other 10 were collected in 2009.  Though capable of spawning every 
other day, recent data from acoustic studies showed that snook entered and left spawning 
aggregations an average of 6 times per summer.  Further, snook were at spawning aggregations 
for a mean of 28 days during the entire 180 day spawning season (R. Taylor, personal 
communication).  With an accurate estimate of spawning frequency, total annual fecundity (the 
total number of eggs spawned per female per year) could be calculated, and would provide a 
robust estimation of egg production in place of (or in conjunction with) estimations of spawning 
stock biomass in stock assessments (Fitzhugh et al. 2012).  
Batch fecundity of snook did not vary annually during the years sampled (Figure 12).  
More interesting however, is that despite the cold kill event in 2010, the overall average batch 
fecundity of the 2010 samples did not differ from that of 2009 or 2011.  The cold kill event had a 
strong impact on small snook (FWRI 2010), which were presumably males due to protandric 
hermaphrodism, with more small fish dying than larger fish.  Because larger snook (females) 
were less vulnerable to lethal effects of the cold kill, batch fecundity may have remained robust.  
Another possible explanation is that a certain energetic threshold for reproduction must be met 
for spawning to occur; therefore, females in lower condition would not have been observed at the 
spawning aggregation either due to skipped spawning or lethal effects of the cold kill.  
Additionally, the demographic structure of the spawning aggregations may have changed in 
response to the cold kill, such as females preferentially spawning at different locations, i.e. 
micro-satellite spawning aggregations (Lowerre-Barbieri et al. 2009).  Confounding this 
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possibility, however, is the concept that snook exhibit strong spawning site-fidelity (Adams et al. 
2011).   
Although overall batch fecundity did not vary after the cold kill, it is possible that sub-
lethal effects of the cold kill, such as reduced total fecundity or reduced spawning frequency, 
may have impacted populations, as fewer snook returned to spawning grounds in 2010 to spawn 
following the cold event in Charlotte Harbor (Adams et al. 2012).  Our study indicated that fewer 
females were repeat spawners in 2010 than 2009 (n=12; females with POFs >12 hrs with 
simultaneously hydrated oocytes).  My results suggest that spawning frequency may have been 
diminished in 2010 compared to 2009.  However, given low sample size, caution is advised and 
future research should focus on accurately estimating spawning frequency.  Paired with an 
accurate measure of spawning frequency, batch fecundity can be used to calculate total fecundity 
and therefore, estimate SPR and model recruitment of snook.   
The comparison of total weight and batch fecundity annual regression lines indicated that 
the relationship between batch fecundity and body weight had a reduced fit in 2010 compared to 
2009 (Figure 20) suggesting that reproductive physiology changed in response to the freeze.  
Although on an individual level the overall output of the sampled population did not change after 
the cold kill, the contribution based on size and condition of females did vary annually.  After the 
cold kill, smaller females contributed higher batch fecundities than the same size females in 
2009, while larger females had reduced batch fecundities compared to the same-size females 
collected in 2009.  These observations are consistent with a compensation mechanism affecting 
snook after the stress event.  Similar to snook, barramundi are protandric hermaphrodites, which 
have been shown to have high batch fecundities, possibly as a mechanism to compensate for 
delayed female contribution (Davis 1984).  However, the cold kill may have affected energetic 
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investment strategies leading to fewer eggs at the expense of larger eggs in larger females, as 
was observed in Dover sole (Witthames et al. 1995). 
 
GSI  
 
GSI was highly variable for spawning females (Figures 7, 8).  The lowest GSI observed 
for spawning capable females was during vitellogenesis (VTG) and the highest was during 
oocyte maturation (OM), consistent with GSI peaks observed during the spawning season in 
previous studies (Taylor et al. 1998; Roberts et al. 1999).  Because the time between VTG and 
OM could be only hours, hydration occurs very rapidly, and significant differences in GSI occur 
based on time of day females are collected (Taylor et al. 1998).  Though all females for this 
study were collected between 1400 and 1800 hours, when oocytes are expected to be at their 
maximum diameter (Taylor et al. 1998).  GSI of females in OM decreased over the spawning 
season, as either mesenteric energetic reserves were exhausted or possibly because females in 
better condition spawn earlier in the spawning season. GSI was significantly lower in 2011 than 
2010 (Figure 8) however, this is likely an artifact of 2011 samples being collected solely at the 
end of the spawning season (August) when GSIs begin to decrease (Taylor et al. 1998).  Last, 
reduced GSIs were observed in river fish (Figure 14), which were captured after the spawning 
season, in October, when GSIs begin to decrease (Roberts et al. 1999) to < 1.0, a level in which 
spawning does not occur (Taylor et al. 1998).   Additionally, river fish may have had reduced 
GSIs due to two reasons: 1) the fish may have been immature, or 2) they were on their annual 
migration to the winter feeding sites or their annual hiatus from spawning.  
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Though not statistically different, with a p-value of 0.06, females increased in size at age 
across collection years (Figure 6), which may have resulted from effects of 1) smaller fish were 
more vulnerable to lethal effects during the cold kill (FWRI 2010), or 2) fishing pressure was 
removed for two years which resulted in larger size at age during 2010 and 2011.  A combination 
of both effects may also explain this shift, as reduced populations of snook after the cold kill may 
have led to reduced competition for resources and therefore compensatory growth (de Roos et al. 
2006; Heino et al. 2013).   
The river fish were generally larger at age than same age fish collected at the spawning 
aggregations (Figure 4a).  It is unknown whether the river fish spawned the summer prior to 
being collected, therefore, it cannot be said that the river fish were skipped spawning in order to 
increase energetic reserves.  However, the river fish had large mesenteric fat reserves at the time 
of capture, which was shortly after the end of the spawning season, suggesting that if they had 
spawned that summer it was early in the season, or that they possibly skipped.    
 
Condition Effects 
 
  The present investigation of proximate composition of snook is the first report for both 
muscle and liver tissues of wild-caught snook.  Percent protein was highly variable in both liver 
and muscle tissue, ranging 10-22 %.  Snook are a relatively low-lipid fish, with mean somatic 
lipid <2% (Table 4).  Though Tucker et al. (1987) reported percent protein of snook to be 33%, 
their study included both male and female snook less than two years old which were raised in 
captivity, while this study focused on spawning females only. 
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 A freezer malfunction during 2013 resulted in the loss of extremely degraded samples, 
which caused reduced sample size for proximate analysis (Table 5, 6, 7, and 8).  Though some 
samples were compromised beyond suitable use due to inconsistent storage temperatures, many 
samples were salvaged.  Proximate analysis measures the contribution of each component (water, 
protein, lipid, ash), and although, specific classes of lipid might transition, it is not expected that 
components would degrade (Ohman 1996).   
Comparisons of somatic proximate composition (Table 5) indicated that percent protein 
varied between years and was significantly higher in 2010 (Figure 15), though no other 
components varied significantly by year.  It remains unknown what may have caused the 
interannual variation in protein.  During vitellogenesis (yolk formation), lipids for oocytes are 
synthesized in the liver; therefore the liver lipids were used a proxy for condition.  It would have 
been beneficial to have taken total liver weights for each female; unfortunately total liver weights 
were not taken for all samples.  Comparisons of liver proximate composition annually (Table 6) 
indicated that in 2010, ash (inorganic mineral content) was significantly higher than in 2009 
(Figure 16), while lipid percent was significantly reduced in 2010 (Figure 17).  Ash percent was 
likely greater in 2010 due to the intrinsic relationship between components as a percentage of the 
whole; a decline in the percentage of one component results in an increased percent of another.  
Lipid was likely decreased in the liver in 2010 as a result of the cold kill effects due to 1) limited 
prey availability after the cold kill, 2) increased energetic expenditures while enduring and 
recovering from cold exposure, or, 3) a compensation mechanism to encourage reproduction.   
Spawning did not appear to have any effect on somatic proximate percentages of female 
snook, as none of the components evaluated (water, lipid, protein, or ash) varied by stage 
classification compared to river fish (Table 7).  Additionally, I found no difference in somatic 
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lipids between spawning capable and river fish (Table 8), suggesting that somatic lipids are not 
utilized for reproduction and that the primary mechanism for fat storage in snook is mesenteric 
fat stored in the body cavity.  It is expected that any females with reduced somatic lipids would 
not have had the energetic reserves to participate in spawning, and therefore would not have been 
collected by our sampling.  Anecdotally, I observed dramatic fat reserves in the river fish, a 
feature entirely absent in the spawning capable females, an observation also made by Taylor (R. 
Taylor, personal communication).  One explanation is that the mesenteric fat is drawn upon prior 
to spawning or during stressful events, such as the cold kill.   
 Differences were observed in the liver samples, due to the liver’s function for short-term 
energy metabolism for energetically demanding processes such as reproduction.  During 
reproduction, protein content was reduced while water content increased compared to river fish 
(Figures 18 and 19), which is consistent with other findings that growth of reproductive tissue 
occurs at the expense of protein (Dominguez-Petit et al. 2010).   Additionally, increased water 
percent in the liver was likely related to hydration of oocytes.   
Stomach and gonad weights were inversely related when river fish were compared to 
spawning capable females.  The reciprocal relationship confirms observations noted upon 
dissection that river fish had high mesenteric fat, and very small ovaries.  The river fish were 
collected in fall, immediately following the spawning season, though we are unable to say 
whether the river fish had spawned during the summer of 2011.  Fish observed at spawning 
aggregations had almost no mesenteric body fat, and in the place of the fat were spawning ready 
ovaries.  The relationship between reduced gut weight and increased ovary weight (Figure 13), 
suggests that spawning capable females reduce feeding prior to spawning.  This does not mean 
that during the spawning season snook are not feeding, however, as the spawning site at 
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Rattlesnake Key is a known fishing spot for local anglers.  On many sampling trips, anglers were 
observed at the exact location fishing, and we observed snook getting caught.  Snook are 
opportunistic feeders (Blewett et al. 2006) and likely have considerable variability in stomach 
fullness.  Additionally, gut weight was greater in August than in June, suggesting increased 
predation toward the end of the spawning season. 
Liver lipid percent (LLP), as a proxy for condition, was significantly lower in 2010 (after 
the cold kill) compared to 2009, yet no significant difference was observed in the overall average 
batch fecundity.  When all years were combined, there was a significant relationship between 
condition and batch fecundity, but the fit of the model was relatively low (R2 = 25%; Table 3).  
When evaluated annually (Figure 20),  a significant positive relationship was observed in 2009 
(R2 = 61%; p = 0.0004), consistent with the hypothesis that females in better conditions have 
higher fecundities (Kjesbu et al. 1991).   However, in 2010 the relationship between condition 
and batch fecundity was not significant (R2 = 2%; p = 0.55; Figure 20), suggesting that 
reproductive physiology changed in response to the freeze.  After the cold kill, the predictive 
ability of LLP disappeared.  The relationship of batch fecundity and TW also had a reduced fit in 
2010, indicating the predictability of batch fecundity based on TW was decreased in 2010.   
 
Breeding Strategies 
 
Capital breeders are characterized by energy storage prior to reproduction and a 
protracted spawning season; while income breeders are often characterized by their ability to 
acquire energy locally, throughout the duration of the spawning season which is directly 
allocated to reproduction (McBride et al. 2013).  When considering classifying snook within the 
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continuum of capital-income breeder strategies, there are some confounding issues.  Though 
snook do not migrate long distances, there is an initial investment for snook to return to 
spawning sites, balancing the energetic cost of movement to the site and the energetic investment 
toward reproduction.  Additionally, the cost of reproduction involves the balanced risk of 
spawning at fairly open spawning sites, compared to snook primary habitat and protection of 
mangroves.  Compounded with the low gut weights and observations of low stomach content in 
spawning females, snook exhibit traits of capital breeding (Peebles et al. 1996; McBride et al. 
2013).  However, females in OV had higher gut weights than OM, suggesting that shortly after 
spawning snook begin replenishing their energetic reserves, perhaps while remaining at or 
nearby the spawning site.  Additionally, snook have an extended spawning season, which is a 
trait of income breeding strategies (McBride et al. 2013).  Combined, these traits indicate that 
snook exhibit a mixed ‘capital-income breeder’ strategy that may have allowed plasticity in their 
response to the cold kill.   
 
Otolith Microchemistry 
 
In general, bay fish had significantly lower [Ba] than river fish, indicating that bay fish 
generally spend less time in low-salinity waters than the river fish (Figure 22).  However, bay 
fish were older than river fish and the lower concentrations over the lifetime of bay fish may 
have been related to increasing home range with size and age (Barbour and Adams 2012).  All 
fish showed higher concentrations of barium from birth to age 1 when concentrations began to 
decline (Figure 23), consistent with the life history strategy that young-of-year snook remain in 
backwaters of tidal pools, creeks, and backwaters, before migrating out of the backwaters of the 
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rivers toward more bay-ward higher salinity areas (Stevens et al. 2007; Barbour and Adams 
2012).  Although barium varied with age, river fish generally had higher concentrations of 
barium than bay fish (Figure 23).  Yearly comparisons also indicated that river fish often had 
higher barium than bay fish (Figure 24) however; barium levels tend to follow an annual trend 
and may be associated with flow.  The results of this preliminary investigation indicate that there 
may be sub-population life history strategies that snook adopt, such as ‘transient’ and ‘resident’ 
tendencies (Secor and Piccoli 2007).   Preliminary acoustic tagging studies have also suggested 
that there may be ‘resident’ snook which remain in the rivers, seldom leaving the fresh waters, 
and presumably skipping spawning events for possibly years (R. Taylor, personal 
communication).   
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CONCLUSIONS 
 
This study reported batch fecundity for snook captured at Rattlesnake Key.  Total weight 
of the female was the best predictor of batch fecundity.  The best model for predicting batch 
fecundity was Batch Fecundity = 172,169 + 355*Total Weight; and mean batch fecundity was 
984,689 eggs (median = 781,330 eggs).  An additional model for estimating batch fecundity was 
developed using total length for use by fisheries managers in the event total weight is not 
available.  Age and condition were found to be poor predictors of batch fecundity when samples 
from all collection years were aggregated.   
Reproductive strategies can be complicated for any species, varying demographically, 
temporally, and geographically (Witthames et al. 1995; Lowerre-Barbieri et al. 2009).  We 
showed that batch fecundity in snook varied demographically; larger females had a greater 
individual contribution to egg production than smaller females, while small females were 
observed spawning in greater numbers than larger females.  Although a severe cold event in the 
winter of 2010 killed about 25% of the spawning population, average batch fecundity did not 
vary by collection year, suggesting that a threshold for reproduction is consistent and that batch 
fecundity is robust.   
We reported the composition of wild-caught snook muscle and liver for the first time.  
Analysis of proximate composition of snook muscle tissue showed that reproduction did not 
affect somatic composition.  Analysis of proximate composition of liver tissue indicated that 
condition (using liver lipid as a proxy) was significantly reduced in 2010, likely a consequence 
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of the cold kill.  Reproduction is energetically demanding and is therefore intrinsically related to 
stored energy and energy available prior to and during the spawning season. Whereas condition 
was found to be a poor predictor of batch fecundity with all collection years combined, prior to 
the cold kill condition had similar predictive ability to length or weight, suggesting that the cold 
kill disrupted size-based oocyte production and development. 
Females participating in spawning did not have greater liver lipids than females captured 
in the rivers.  However, river fish had significantly higher gut weight than spawning females and 
had substantial deposits of mesenteric fat, suggesting that spawning females reduce feeding 
activity prior to spawning and draw on their fat reserves.  Additionally, protein was lower and 
water was higher in liver tissues of spawning females than in river fish, consistent with 
reproductive effects on the liver (Dominguez-Petit et al. 2010).  Snook exhibit mixed-breeding 
strategies as aspects of both capital and income breeding strategies were observed. 
Last, I found through the use of otolith microchemistry that there were differences 
between ‘bay fish’ and ‘river fish’ using concentration of barium as an indicator of fresh water 
habitat use.  This suggests that snook may exhibit different life history strategies or habitat 
preferences on a sub-population level that ultimately may affect reproductive output.   
 
Future Studies 
 
Though this study provides a model for estimating batch fecundity, total annual fecundity 
cannot be calculated without spawning frequency estimates.  Though spawning frequency was 
previously estimated (Taylor et al. 1998), recent evidence indicates that the spawning frequency 
may be lower than previously projected (R. Taylor, personal communication).  Spawning 
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frequency should be evaluated annually, geographically, and demographically to provide more 
robust estimations of egg production for fishery managers to utilize in stock assessments.    
It has been demonstrated that batch fecundity of fish species may vary geographically 
and satellite spawning aggregations may contribute to total fecundity at varying levels (Lowerre-
Barbieri et al. 2009).  Our research focused on the spawning females specific to Rattlesnake 
Key; a recent study (Burghart et al. in preparation) used genetic egg identification and a 
hydrodynamic model to determine  that the majority of snook eggs collected from Terra Ciea 
Bay (adjacent to Rattlesnake Key) were spawned within Terra Ceia Bay, but were spatially offset 
from the  Rattlesnake Key snook spawning aggregation that we sampled.  Large snook 
aggregations have been documented to break apart just prior to dusk into smaller sub-groups 
(Lowerre-Barbieri et al. 2003), which could represent smaller satellite aggregations.  Future 
work should consider the effects of satellite aggregations and their contribution to total 
reproductive output.   
There may have been a difference in spawning seasonality between the years of our 
study, but due to low sample size and underrepresentation of samples from each month annually, 
monthly differences were undetectable.  Spawning seasonality in other species has been shown 
to vary in response to environmental cues such as temperature and prey availability (Peebles et 
al. 1996; Peebles 2002).   Differences in annual spawning seasonality can have impacts on 
estimates of annual fecundity and therefore implications for stock assessments.  Understanding 
the complexities of reproductive strategies is critical to the management of such a highly popular 
game fish.  Future studies should consider long-term monitoring of spawning and egg dispersal 
of snook.   
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In addition, otolith microchemistry and isotopic analysis are powerful tools for mapping 
movement patterns of fish throughout time.  Although our sample size was low, we found 
through a preliminary study, that there may be life-history differences between river fish and bay 
fish, suggesting that river fish may represent a river-resident population.  Isoscapes, elemental 
profile maps, and active acoustic approaches should be developed to help researchers track and 
better understand the great complexities of reproductive strategies and skipped spawning in 
snook and other species. 
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APPENDIX A – EXTERNAL SEX CLASSIFICATION 
 
 
Figure 25:  External sex characteristics of male snook.  Male snook were identified by the 
presence of flowing milt upon pressure to the abdomen. 
 
 
Figure 26:  External sex characteristics of female snook.  Female snook were indentified the 
additional genital pore which was swollen, irritated and red and larger than the urinary pore.   
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APPENDIX B – PROXIMATE ANALYSIS PROCEDURES 
 
Note:  Due to the limited number of stainless steel thimbles, the constraining factor, only 20 
samples can be run per session, with one blank. 
  
1. Label outside of hexane-washed stainless steel thimbles which will hold cellulose thimbles 
with Sharpie. 
2. Weigh cellulose thimble to nearest 0.0001 gram. 
3. Weigh cellulose thimble with powdered sample added, record weight*. 
4. Perform lipid extraction with Dionex Accelerated Solvent Extractor (ASE) 200; solvent is 
dichloromethane**.  20 samples will run for about 6 hours. 
5. The settings used for the ASE were: 120°C, 5-minute runs per sample, highest pressure, 2 
extraction cycles (see literature). 
6. Record weight of cellulose thimble + sample material after lipid extraction. 
 
Determination of lean ash free dry weight (LAFDW) 
 
1. Pre-burn crucibles for 1 hour at 550°C.  Allow to cool for 24 hours before removing with 
gloves to avoid contamination. 
2. Weigh crucible, record weight to nearest 0.0001g. 
3. Weigh crucible with powdered sample, record weight to nearest 0.0001 g. 
4. Combust samples in porcelain crucibles in muffle furnace for 2 hours at 550°C.  
5. Allow ash to cool for 24 hours then weigh crucible and sample to the nearest 0.0001g.   
6. Individual percent lean ash free dry weight (%LAFDW) can be determined from the 
subsample using each ash weight and lipid weight determined via ASE: 
 
%LAFDW = 100% x [(dry weight – ash weight – total lipid weight) / dry weight]  
 
This is a measure of of non-lipid structural organic matter and has been used as an 
approximation for protein content in a range of fish. 
 
Protein and Ash Composition 
1. Weigh ash sample + crucible, record weights to nearest 0.0001 g. 
 
*Optimal amount of tissue for lipid analysis on ASE was found to be 5-10 g, if less than 5 g 
available they indicate micro-methods should be used (Honeycutt et al. 1995). 
**Dichloromethane can be used in place of chloroform/methanol based on literature (Cequier-
Sanchez et al. 2008). 
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APPENDIX C – TABLE SUMMARIZING ALL DATA 
 
Table 9:  Table of summarizing all data from female samples collected.     
Label Collection Date Set 
Total 
Length 
(mm) 
Total 
Weight 
(g) 
Age Sex 
Gonad 
weight 
(g) 
Gut 
weight 
(g) 
Somatic 
Weight 
(g) 
GSI Stage 
Average 
Batch 
Fecundity 
CMB09060101-01 6/1/2009 1 625 1755.0 7 F 27.4 20.6 1707.0 1.6 VTG n/a 
CMB09060101-03 6/1/2009 1 575 1415.0 5 F 83.9 28.8 1302.2 5.9 OM 422209.96 
CMB09062901-01 6/29/2009 1 570 1410.0 5 F 105.0 25.0 1280.0 7.4 OM 583859.49 
CMB09062901-02 6/29/2009 1 665 2220.0 6 F 115.0 40.0 2065.0 5.2 OM 602781.54 
CMB09062901-03 6/29/2009 1 550 1145.0 5 F 85.0 35.0 1025.0 7.4 OM 571980.31 
CMB09062901-04 6/29/2009 1 985 9020.0 17 F 450.0 335.0 8235.0 5 VTG n/a 
CMB09072302-01 7/23/2009 2 656 2240.0 6 F 96.0 38.2 2105.8 4.3 OV n/a 
CMB09080701-01 8/7/2009 1 535 1104.5 3 F 82.7 32.1 989.7 7.5 OM 776186.04 
CMB09080702-01 8/7/2009 2 566 1336.8 5 F 52.7 25.8 1258.3 3.9 OM 442694.96 
CMB09080703-01 8/7/2009 3 876 5422.3 7 F 288.1 122.9 5011.3 5.3 OM 2663737.39 
CMB09080703-02 8/7/2009 3 921 6526.5 7 F 275.9 147.5 6103.1 4.2 OM 2273224.75 
CMB09080703-03 8/7/2009 3 806 4262.1 9 F 255.6 41.2 3965.3 6 OM 2352896.69 
CMB09080704-01 8/7/2009 4 675 2330.9 7 F 181.2 29.2 2120.5 7.8 OM 760637.03 
CMB09080704-02 8/7/2009 4 750 3255.0 12 F 314.8 46.7 2893.5 9.7 OM 1224382.08 
CMB09080704-03 8/7/2009 4 671 2798.4 7 F 192.1 126.4 2479.9 6.9 OM 1706550.49 
CMB09080704-05 8/7/2009 4 520 1030.0 7 F 110.7 7.6 911.7 10.7 OM 539824.33 
CMB09080704-06 8/7/2009 4 512 952.5 4 F 69.9 15.4 867.2 7.3 OM 561882.32 
CMB09080704-08 8/7/2009 4 542 1177.1 5 F 66.1 19.9 1091.1 5.6 OV n/a 
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Table 9 (Continued):  Table summarizing all data from female samples collected. 
Label Collection Date Set 
Total 
Length 
(mm) 
Total 
Weight 
(g) 
Age Sex 
Gonad 
weight 
(g) 
Gut 
weight 
(g) 
Somatic 
Weight 
(g) 
GSI Stage 
Average 
Batch 
Fecundity 
CMB09080704-10 8/7/2009 4 674 2450.9 7 F 268.7 50.8 2131.4 11 OM 1268084.07 
CMB09080704-11 8/7/2009 4 643 2136.2 5 F 178.9 70.0 1887.3 8.4 OM 1032678.91 
CMB09080704-12 8/7/2009 4 576 1343.2 7 F 119.2 34.6 1189.4 8.9 OM 1019399.73 
CMB09080704-13 8/7/2009 4 588 1497.3 6 F 105.5 15.7 1376.1 7 OM 428715.73 
CMB09080704-14 8/7/2009 4 585 1602.3 6 F 156.7 26.4 1419.2 9.8 OM 543443.90 
CMB09080704-15 8/7/2009 4 556 1085.4 7 F 72.8 26.4 986.2 6.7 OM 306707.89 
CMB10052801-01 5/28/2010 1 729 2993.2 4 F 58.5 36.1 2898.6 2 OV n/a 
CMB10052801-02 5/28/2010 1 814 4815.8 8 F 139.2 145.8 4530.8 2.9 VTG n/a 
CMB10052801-03 5/28/2010 1 848 5664.3 9 F 440.1 51.0 5173.2 7.8 OV n/a 
CMB10052801-04 5/28/2010 1 881 5869.1 7 F 160.8 159.9 5548.4 2.7 OV n/a 
CMB10052801-05 5/28/2010 1 524 1194.4 4 F 108.0 13.5 1072.9 9 OM 480208.41 
CMB10052801-07 5/28/2010 1 816 4923.6 6 F 316.0 67.3 4540.3 6.4 OV n/a 
CMB10052801-08 5/28/2010 1 573 1436.0 6 F 152.1 10.5 1273.4 10.6 OM 1305519.16 
CMB10061104-01 6/11/2010 4 773 3341.7 13 F 309.6 63.5 2968.6 9.3 OM 1119487.73 
CMB10061104-02 6/11/2010 4 521 1034.0 4 F 100.5 6.2 927.3 9.7 OM 558014.37 
CMB10061104-03 6/11/2010 4 573 1453.7 4 F 160.8 10.9 1282.0 11.1 OM 781330.35 
CMB10061104-04 6/11/2010 4 564 1564.1 6 F 179.2 13.5 1371.4 11.5 OM 688466.53 
CMB10061104-05 6/11/2010 4 542 1168.3 4 F 117.2 11.9 1039.2 10 OM 874944.60 
CMB10061104-06 6/11/2010 4 645 2314.7 5 F 225.1 21.0 2068.6 9.7 OM 1314455.85 
CMB10061104-07 6/11/2010 4 606 1678.7 6 F 124.2 13.1 1541.4 7.4 OM 616114.54 
CMB10061104-08 6/11/2010 4 843 5377.7 8 F 417.1 52.5 4908.1 7.8 OM 1901166.78 
CMB10061104-09 6/11/2010 4 700 3076.9 8 F 227.9 37.8 2811.2 7.4 OM 1035876.85 
CMB10061104-10 6/11/2010 4 583 1625.7 4 F 179.0 8.3 1438.4 11 OM 869891.08 
CMB10061104-11 6/11/2010 4 621 1787.1 4 F 122.4 15.2 1649.5 6.8 OM 1052366.24 
CMB10061104-12 6/11/2010 4 465 880.6 4 F 117.6 6.6 756.4 13.4 OM 1115008.33 
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Table 9 (Continued):  Table summarizing all data from female samples collected. 
Label Collection Date Set 
Total 
Length 
(mm) 
Total 
Weight 
(g) 
Age Sex 
Gonad 
weight 
(g) 
Gut 
weight 
(g) 
Somatic 
Weight 
(g) 
GSI Stage 
Average 
Batch 
Fecundity 
CMB10061104-18 6/11/2010 4 767 4028.5 8 F 342.4 42.3 3643.8 8.5 OV n/a 
CMB10061104-19 6/11/2010 4 460 807.7 3 F 86.0 4.7 717.0 10.6 OM 510166.85 
CMB10061104-21 6/11/2010 4 750 3649.7 7 F 200.4 149.5 3299.8 5.5 OV n/a 
CMB10061104-22 6/11/2010 4 632 1711.1 4 F 51.5 20.4 1639.2 3 VTG n/a 
CMB10061104-25 6/11/2010 4 708 2704.3 6 F 220.6 22.9 2460.8 8.2 OV n/a 
CMB10061104-26 6/11/2010 4 511 1031.5 5 F 109.1 18.6 903.8 10.6 OV n/a 
CMB10061104-27 6/11/2010 4 802 4532.1 9 F 374.2 54.1 4103.8 8.3 OM 1635468.60 
CMB10061104-28 6/11/2010 4 597 1767.0 6 F 199.0 28.4 1539.6 11.3 OV n/a 
CMB10061104-29 6/11/2010 4 586 1407.9 9 F 124.1 23.3 1260.5 8.8 OM 410027.03 
CMB10062401-01 6/24/2010 1 845 5640.0 6 F 235.0 50.0 5355.0 4.2 VTG n/a 
CMB10081704-01 8/17/2010 4 723 3298.7 6 F 85.7 53.9 3159.1 2.6 VTG n/a 
CMB10081704-02 8/17/2010 4 559 1251.5 5 F 41.0 28.0 1182.5 3.3 VTG n/a 
CMB11080303-01 8/3/2011 3 679 2568.4 5 F 92.8 71.3 2404.3 3.6 VTG n/a 
CMB11080303-02 8/3/2011 3 810 4436.8 7 F 200.2 105.3 4131.3 4.5 VTG n/a 
CMB11080303-03 8/3/2011 3 725 3091.3   F 73.5 85.2 2932.6 2.4 VTG n/a 
CMB11080303-04 8/3/2011 3 555 1431.7 5 F 48.0 52.0 1331.7 3.4 OM 258913.15 
CMB11080303-06 8/3/2011 3 691 2364.4 6 F 135.6 44.0 2184.8 5.7 OM 563121.48 
CMB11080303-08 8/3/2011 3 799 4153.0 5 F 240.3 34.4 3878.3 5.8 OM 1492364.53 
CMB11080303-09 8/3/2011 3 856 5651.0 9 F 457.0 51.3 5142.7 8.1 OM 2206018.56 
CMB11080303-10 8/3/2011 3 660 1939.5 7 F 128.1 33.7 1777.7 6.6 OM 560756.72 
CMB11080303-14 8/3/2011 3 702 2847.8 5 F 156.1 87.0 2604.7 5.5 OM 909619.30 
CMB11101201-01 10/12/2011 1 758 3214.6 3 F 8.1 100.8 3105.7 0.3 RIVER n/a 
CMB11101201-02 10/12/2011 1 804 4469.5 3 F 17.1 304.0 4148.4 0.4 RIVER n/a 
CMB11101201-03 10/12/2011 1 840 5371.3 5 F 21.8 289.9 5059.6 0.4 RIVER n/a 
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APPENDIX D – TABLE SUMMARIZING PROXIMATE COMPOSITION ANALYSIS 
RESULTS OF MUSCLE SAMPLES 
 
Table 10:  Summary of  proximate composition of muscle tissue samples. 
Label Water % Lipid % Protein % Ash % 
CMB09060101-01 79.772 0.922 18.209 1.177 
CMB09060101-03 78.388 0.775 19.035 1.139 
CMB09062901-01 75.936 0.752 21.390 1.278 
CMB09062901-02 79.580 1.145 17.360 1.071 
CMB09062901-03 77.846 1.574 19.005 1.053 
CMB09062901-04 76.962 2.112 19.466 1.107 
CMB09072302-01 78.724 0.806 18.590 1.100 
CMB09080701-01 75.263 3.262 18.362 1.254 
CMB09080702-01 77.375 4.054 16.930 1.141 
CMB09080703-01 78.409 1.162 17.788 1.031 
CMB09080703-02 75.813 1.270 19.842 1.324 
CMB09080703-03 77.012 1.667 19.032 1.140 
CMB09080704-01 78.439 2.504 17.641 1.089 
CMB09080704-02 80.199 1.264 15.905 1.093 
CMB09080704-03 79.058 2.654 16.428 1.020 
CMB09080704-05 74.422 1.492 21.582 1.124 
CMB09080704-06 76.387 2.835 17.149 1.208 
CMB09080704-08 74.772 1.880 19.358 0.972 
CMB09080704-10 77.945 1.760 17.727 1.438 
CMB09080704-11 74.431 2.411 n/a n/a 
CMB09080704-12 73.716 3.576 20.151 1.210 
CMB09080704-13 78.966 2.221 15.943 1.205 
CMB09080704-14 77.157 2.267 18.741 1.404 
CMB09080704-15 76.611 3.527 18.168 1.108 
CMB10052801-01 75.609 1.369 21.290 1.247 
CMB10052801-02 76.281 1.450 20.231 1.328 
CMB10052801-03 75.313 1.534 21.497 1.213 
CMB10052801-04 76.827 1.375 18.683 1.144 
CMB10052801-05 76.996 1.366 20.021 1.167 
CMB10052801-07 75.710 1.464 21.350 1.340 
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Table 10 (Continued) Proximate Composition of Muscle Samples. 
Label Water % Lipid % Protein % Ash % 
CMB10052801-08 77.091 1.282 20.238 1.232 
CMB10061104-01 78.118 1.866 18.788 1.033 
CMB10061104-02 77.995 1.165 20.453 1.426 
CMB10061104-03 78.197 1.246 20.769 1.239 
CMB10061104-04 76.481 1.307 22.077 1.898 
CMB10061104-05 81.933 1.161 21.487 0.886 
CMB10061104-06 77.866 1.001 20.603 1.271 
CMB10061104-07 77.543 4.593 21.823 1.014 
CMB10061104-08 77.527 0.903 n/a 0.562 
CMB10061104-09 78.046 1.400 20.353 1.377 
CMB10061104-10 77.506 1.272 21.057 1.248 
CMB10061104-11 77.984 1.925 18.028 0.952 
CMB10061104-12 76.267 1.467 20.961 1.218 
CMB10061104-18 76.942 1.692 20.026 0.970 
CMB10061104-19 76.194 1.850 20.747 1.084 
CMB10061104-21 76.501 1.905 20.111 1.686 
CMB10061104-22 76.981 2.265 19.137 1.270 
CMB10061104-25 78.219 1.818 18.260 0.972 
CMB10061104-26 76.634 1.927 19.955 1.405 
CMB10061104-27 78.987 1.740 17.978 0.770 
CMB10061104-28 76.512 1.735 20.593 0.845 
CMB10061104-29 78.678 2.050 18.226 0.987 
CMB10062401-01 76.367 0.714 20.338 1.179 
CMB10081704-01 76.633 0.766 19.591 1.164 
CMB10081704-02 75.978 1.508 20.636 1.245 
CMB11080303-01 n/a n/a n/a n/a 
CMB11080303-02 n/a n/a n/a n/a 
CMB11080303-03 n/a n/a n/a n/a 
CMB11080303-04 76.971 1.741 19.948 1.196 
CMB11080303-06 78.534 1.373 18.404 1.154 
CMB11080303-08 n/a n/a n/a n/a 
CMB11080303-09 n/a n/a n/a n/a 
CMB11080303-10 78.166 1.637 18.472 1.169 
CMB11080303-14 n/a n/a n/a n/a 
CMB11101201-01 77.404 1.721 19.476 1.101 
CMB11101201-02 76.174 2.005 20.134 1.285 
CMB11101201-03 77.020 1.892 19.602 1.151 
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APPENDIX E – TABLE SUMMARIZING PROXIMATE COMPOSITION ANALYSIS 
RESULTS OF LIVER SAMPLES 
 
Table 11:  Summary of  proximate composition of all liver tissue samples. 
Label Water % Lipid % Protein % Ash % 
CMB09060101-01 71.367 8.751 17.675 1.504 
CMB09060101-03 75.506 3.909 18.611 1.914 
CMB09062901-01 74.389 5.553 14.673 1.064 
CMB09062901-02 71.969 7.179 17.568 1.070 
CMB09062901-03 71.038 5.292 21.040 1.454 
CMB09062901-04 76.967 5.626 10.821 0.869 
CMB09072302-01 73.581 4.004 18.904 2.325 
CMB09080701-01 n/a n/a n/a n/a 
CMB09080702-01 72.478 7.457 17.556 1.342 
CMB09080703-01 59.918 16.853 17.466 2.731 
CMB09080703-02 65.342 13.681 18.963 1.154 
CMB09080703-03 69.022 9.699 18.997 1.387 
CMB09080704-01 72.802 5.464 4.129 0.254 
CMB09080704-02 72.643 8.261 10.826 0.821 
CMB09080704-03 n/a n/a n/a n/a 
CMB09080704-05 69.851 10.506 17.916 1.093 
CMB09080704-06 n/a n/a n/a n/a 
CMB09080704-08 n/a n/a n/a n/a 
CMB09080704-10 64.324 12.565 21.170 2.493 
CMB09080704-11 68.754 9.827 19.195 2.193 
CMB09080704-12 72.735 3.653 20.739 2.738 
CMB09080704-13 72.723 5.132 20.254 1.484 
CMB09080704-14 71.450 5.323 16.084 1.154 
CMB09080704-15 n/a n/a n/a n/a 
CMB10052801-01 74.702 7.668 15.914 1.712 
CMB10052801-02 73.145 6.831 17.278 1.084 
CMB10052801-03 69.909 9.417 19.466 1.320 
CMB10052801-04 75.848 6.077 16.410 1.752 
CMB10052801-05 73.829 6.773 18.686 1.539 
CMB10052801-07 68.244 12.119 18.034 2.279 
CMB10052801-08 64.070 3.483 28.657 3.332 
75 
 
Table 11 (Continued):  Summary of  proximate composition of all liver tissue samples. 
Label Water % Lipid % Protein % Ash % 
CMB10061104-01 75.565 4.017 17.319 2.269 
CMB10061104-02 72.430 3.357 22.789 1.938 
CMB10061104-03 75.341 2.471 19.405 3.440 
CMB10061104-04 73.735 2.850 20.777 2.632 
CMB10061104-05 74.980 4.607 17.759 2.639 
CMB10061104-06 71.873 2.749 22.473 3.952 
CMB10061104-07 75.014 4.094 19.023 1.939 
CMB10061104-08 69.753 5.687 21.307 2.748 
CMB10061104-09 71.028 9.746 18.286 1.219 
CMB10061104-10 70.610 3.873 23.944 1.732 
CMB10061104-11 74.615 2.569 19.750 3.249 
CMB10061104-12 72.677 3.017 21.677 3.097 
CMB10061104-18 74.116 4.299 17.918 3.195 
CMB10061104-19 68.159 7.876 21.775 1.720 
CMB10061104-21 78.853 3.609 16.530 0.989 
CMB10061104-22 74.877 4.829 17.758 2.703 
CMB10061104-25 74.262 4.890 17.934 1.900 
CMB10061104-26 73.470 5.170 18.842 1.795 
CMB10061104-27 70.947 9.044 17.274 1.870 
CMB10061104-28 75.688 2.782 18.071 3.459 
CMB10061104-29 75.807 3.835 17.498 1.405 
CMB10062401-01 70.502 7.861 17.204 2.134 
CMB10081704-01 n/a n/a 11.743 0.124 
CMB10081704-02 72.996 3.945 20.448 1.434 
CMB11080303-01 n/a n/a n/a n/a 
CMB11080303-02 n/a n/a n/a n/a 
CMB11080303-03 n/a n/a n/a n/a 
CMB11080303-04 72.934 5.272 19.538 1.523 
CMB11080303-06 67.372 12.651 18.317 2.173 
CMB11080303-08 n/a n/a n/a n/a 
CMB11080303-09 n/a n/a n/a n/a 
CMB11080303-10 74.028 5.410 18.355 2.435 
CMB11080303-14 n/a n/a n/a n/a 
CMB11101201-01 70.422 6.653 20.725 1.208 
CMB11101201-02 67.090 9.361 22.705 1.014 
CMB11101201-03 67.194 6.944 22.027 0.905 
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APPENDIX F – TABLE SUMMARIZING BARIUM CONCENTRATIONS 
 
Table 12:  Summary of barium:calcium concentrations (µmol/mol) for each year of the fish’s 
life. 
Barium:Calcium Concentrations (µmol/mol) for each fish 
Fish ID Type Position Age Year Average Ba 
1 RIVER 0 0 2007 0 
1 RIVER 698.3323873 1 2008 2.852415607 
1 RIVER 1268.188226 2 2009 2.051470229 
1 RIVER 1613.498613 3 2010 1.972179937 
1 RIVER 1920.604 3.5 2011 2.185412113 
2 RIVER 0 0 2007 0 
2 RIVER 630.5113238 1 2008 2.087746793 
2 RIVER 971.848357 2 2009 1.70772414 
2 RIVER 1235.060285 3 2010 1.727354711 
2 RIVER 1491.623 3.5 2011 9.187096271 
3 RIVER 0 0 2005 0 
3 RIVER 731.7103733 1 2006 6.928784392 
3 RIVER 932.5436184 2 2007 1.746512283 
3 RIVER 1167.901581 3 2008 1.550811111 
3 RIVER 1393.838951 4 2009 2.024001827 
3 RIVER 1659.01785 5 2010 2.436862975 
3 RIVER 1977.22 5.5 2011 2.123861769 
4 BAY 0 0 2005 0 
4 BAY 769.390855 1 2006 2.737262373 
4 BAY 1288.728474 2 2007 2.275424874 
4 BAY 1455.434304 3 2008 1.753649351 
4 BAY 1616.637394 4 2009 1.479141486 
4 BAY 1793.534221 5 2010 1.458650714 
4 BAY 1944.565 5.5 2011 1.482977158 
5 BAY 0 0 2002 0 
5 BAY 645.3646602 1 2003 1.939239899 
5 BAY 1021.713945 2 2004 1.688359133 
5 BAY 1229.10512 3 2005 1.505741684 
5 BAY 1417.672056 4 2006 1.850115517 
5 BAY 1613.565834 5 2007 1.704778315 
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 Table 12 (Continued):  Summary of barium:calcium concentrations (µmol/mol) for each year of 
the fish’s life. 
Fish ID Type Position Age Year Average Ba 
5 BAY 1783.280119 6 2008 1.619146282 
5 BAY 1989.472624 7 2009 1.623310526 
5 BAY 2196.912692 8 2010 1.535939684 
5 BAY 2345.231 8.5 2011 2.053568841 
6 BAY 0 0 2005 0 
6 BAY 866.6259561 1 2006 3.545927965 
6 BAY 1254.690091 2 2007 1.761052626 
6 BAY 1520.929708 3 2008 1.440022951 
6 BAY 1732.621712 4 2009 1.271195464 
6 BAY 1937.065614 5 2010 1.302187872 
6 BAY 2075.22 5.5 2011 1.518656406 
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APPENDIX G – BARIUM CONCENTRATION PROFILE TRANSECTS 
 
 
Figure 27:  Profile transects of magnesium (Mg24), strontium (Sr88), and barium (Ba137) for River fish (ID 1). 
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Figure 28:  Profile transects of magnesium (Mg24), strontium (Sr88), and barium (Ba137) for River fish (ID 2). 
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Figure 29:  Profile transects of magnesium (Mg24), strontium (Sr88), and barium (Ba137) for River fish (ID 3). 
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Figure 30:  Profile transects of magnesium (Mg24), strontium (Sr88), and barium (Ba137) for Bay fish (ID 4). 
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Figure 31:  Profile transects of magnesium (Mg24), strontium (Sr88), and barium (Ba137) for Bay fish (ID 5). 
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Figure 32:  Profile transects of magnesium (Mg24), strontium (Sr88), and barium (Ba137) for Bay fish (ID 6). 
 
 
